BACKGROUND: Reduced prenatal growth followed by rapid postnatal weight gain are risk factors for developing metabolic and cardiovascular disease. Children reared in institutions experience a similar pattern of growth restriction followed by catch-up growth after removal. We explored whether patterns of catch-up growth affect metabolic and cardiovascular outcomes in previously institutionalized adolescents. METHOD: A longitudinal study of institutionalized infants randomized to care as usual (n = 68) or foster care intervention (n = 68), and never institutionalized controls (n = 127). Body mass index (BMI) was measured at baseline (20 months), 30, 42 months, and ages 8, 12, 16. At age 16, metabolic and pro-inflammatory markers were derived from blood samples. RESULTS: Four BMI trajectories were derived (i.e., average-stable, low-stable, elevated, and accelerated). The accelerated trajectory was comprised predominately of children randomized to foster care, who also exhibited higher levels of glycosylated hemoglobin and C-reactive protein than the other three trajectories. Also, children placed in foster care at younger ages were more likely to be on the accelerated rather than the average-stable trajectory. CONCLUSIONS: Although catch-up growth is viewed as a positive improvement among post-institutionalized children, rapid/ continuous increases in body size pose a health concern. Attention should be given to monitoring weight gain, diet, and physical activity.
INTRODUCTION
Young children reared in institutions often experience poor quality of care and low levels of cognitive and linguistic stimulation; in some institutions, children also may be malnourished. This confluence of nutritional and psychosocial deprivation often results in growth restriction. 1 At the time of adoption, children reared in institutions across the world are smaller for their age, but exhibit dramatic gains in height and weight after adoption into nurturing environments. 2 Catch-up growth is observed in the few longer-term longitudinal studies with assessments into middle childhood to early adolescence, as height and weight of most adoptees are comparable to standardized means of growth charts and/or typical children. 1, [3] [4] [5] Although considered a positive improvement for adoptees, rapid catch-up growth can contribute to risk for overweight/obesity and related health problems in later adolescence and adulthood. [6] [7] [8] Rapid catch-up growth, often observed in babies born at low birth weight and growth-stunted children who experience significant weight gain, is a risk for obesity, type two diabetes, hypertension, and coronary heart disease in adulthood. [6] [7] [8] [9] Studies of the effects of famine [10] [11] [12] and experiments using animal models 13, 14 examining the effects of shifting from perinatal undernutrition to adequate/rich nutrition environments suggest that rapid, rather than gradual, catch-up growth is associated with risk for overweight or obesity and having more centralized body fat. Although prenatal factors, such as low birth weight and being small for gestational age, are risks for developing cardiometabolic problems, a radical change in body size during the postnatal period is always evident in the disease process even among typically developing children. 8, [15] [16] [17] Also, rapid weight gain in infancy rather than later developmental periods may have detrimental effects. 8, [15] [16] [17] [18] [19] Previous work by our group has shown that Romanian children with a history of institutionalization randomized to foster care (FCG) show significant catch-up growth compared to controls who received care as usual (CAUG), 1 consistent with longitudinal observations in post-institutionalized youth. [3] [4] [5] However, no studies have examined relations between patterns of catch-up growth and metabolic and inflammatory biomarkers in late adolescence among post-institutionalized adolescents. Of note, inflammation plays a role in the pathogenesis of obesity and diabetes, which have been linked to elevated levels in a cluster of low-grade pro-inflammatory cytokines, including interleukin (IL)-6, tumor necrosis factor (TNF)-α, and c-reactive protein (CRP; an acute phase protein released in the liver in response to systemic inflammation). 20, 21 Elevated levels of CRP, IL-6, and TNF-α have been associated with greater risk for cardiovascular disease 21 and IL-8 is related to atherosclerosis, respectively. 20 Glycosylated hemoglobin (HbA1c), an index used to monitor the average blood glucose in the past 2-3 months among individuals with diabetes (American Diabetes Association, VA) is also elevated among individuals who are overweight. Given that overweight and obese youth often become overweight or obese adults, which in turn elevates their risk for metabolic and cardiovascular disease, 22 identifying growth patterns that are associated with metabolic risk and inflammation is important.
In this study, we examined patterns of catch-up growth and their associations with metabolic and inflammatory markers among previously institutionalized Romanian adolescents in a randomized controlled trial of foster care as an alternative of institutional care (Bucharest Early Intervention Project [BEIP]). We had two goals. The first goal was to examine whether BMI trajectories across 16 years and BMI at age 16 differed among post-institutionalized adolescents (FCG, CAUG), and a demographically-matched never institutionalized group (NIG). The second goal was to use an exploratory analysis to identify individuals exhibiting distinct BMI trajectories and to determine their associations with placement and timing of foster care intervention, and metabolic (HbA1c) and pro-inflammatory (CRP, IL-6,-8, and TNF-α) outcomes at age 16.
METHOD

Participants
Trial design and participant selection have been previously reported 23 and are summarized in Fig. 1 . Physical examination was completed on 187 infants ranging from 6 to 31 months who were living in one of six institutions in Bucharest, Romania; 51 children were excluded for serious medical conditions (e.g., genetic and fetal alcohol syndromes). Accordingly, 136 children (ages 6-30 months) were recruited. After the baseline assessment, half of the children were randomly assigned to care as usual (CAUG: n = 68) or to foster care (FCG: n = 68). 23 At baseline, a group of age-and gender-matched never institutionalized children (NIG: n = 72) was recruited from pediatric clinics in Bucharest; additional NIG were recruited at age 8 (n = 61).
Participation varied across data collection. The trajectory analyses in this report included 261 participants with at least one data point of BMI (68 CAUG, 35 female; 66 FCG, 34 female; 127 NIG, 69 female). At age 16, a subgroup of the participants (n = 127: 44 CAUG, 41 FCG, 42 NIG) from our larger study provided dried blood spots, which were used to derive metabolic and inflammatory biomarkers (participant characteristics in Supplemental Table S1 ). This subgroup is representative of individuals who provided data at age 16 (range = 15.49-17.97 years), were available, and agreed to participate in the bloodspot assessment (13 participants declined). Among the FCG and CAUG who provided blood samples at age 16 versus those who did not, there were no differences in sex (p = 0.97), ethnicity (p = 0.08), birth weight (p = 0.49), baseline BMI (p = 0.32), and baseline age (p = 0.56).
Study procedures were approved by local commissions on child protection in Bucharest, the Romanian ministry of health, an ethics committee of Bucharest University, and institutional review boards of the institutions of the three principal investigators. Consent was obtained from children's legal guardian and assent was obtained from the children at age 8, 12, and 16 for each procedure.
Measures of body size
Height and weight were measured at baseline (M age = 20.44 months; SD = 7.30), 30 months (M age = 30.73 months; SD = 0.88), 42 months (M age = 42.53 months; SD = 0.64), 8 years (M age = 102.00 months; SD = 4.86), 12 years (M age = 151.73 months; SD = 6.37), and 16 years (M age = 201.07 months; SD = 7.05). Height and weight were used to calculate BMI, which was converted into age-and sex-standardized z-scores using the World Health Organization international growth references. 24 BMI z-scores were used in trajectory analyses as it adjusts for population regression to the mean, so differences reflect catchup growth. At age 16, BMI z-scores ≥ 1 is defined as overweight. 24 Metabolic and pro-inflammatory outcomes at age 16 Participants provided dried blood spots (DBS), a minimally invasive technique to measure blood-based biomarkers. Trained research assistants cleaned participants' finger with isopropyl alcohol then pricked with a sterile, disposable, microlancet. The first drop of blood was wiped away. The next drop of blood was collected with a microcuvette and immediately analyzed using a point of care device to measure glycosylated hemoglobin A1c (HbA1c) (HemoCue® 501 analyzer; 4 μL of blood). 25 HbA1c is reported as a percentage of total hemoglobin and represents the average blood glucose levels over the past 2-3 months.
Four subsequent blood drops (each~50 μL) were applied to filter paper. The blood drops saturated the paper and was air-dried for at least 4 h. After drying, DBS samples were placed into a resealable plastic bag and stored at −24°C until they were shipped to the Laboratory for Human Biology Research (Evanston, IL) for processing. Four pro-inflammatory cytokines were derived. C-reactive protein (CRP) was measured using a high-sensitivity CRP assay method; 26 interleukin (IL)-6 was measured using a modified Bloodspot protocol of the R&D Systems Quantikine HS Human IL-6 Kit# HS600B; IL-8 and tumor necrosis factor-α (TNF-α) were assayed using a modified Bloodspot protocol of the Meso Scale Discovery V-PLEX Custom Human Cytokine kit# K151A0H-1. Between-assay coefficients of variability for low, mid, and high samples were 12.35, 4.23, 6.98 pg/ml for CRP, 12.75, 6.97, 4.77 pg/ ml for IL-6, 9.69, 3.32, 8.19 pg/ml for IL-8, 37.00, 14.13, 6.34 pg/ml for TNF-α. There were 14 individuals with CRP assay results below the limit of detection ( < 0 mg/L); these values were winsorized with the nearest value within the limit of detection. No CRP values exceeded 10 mg/L.
Covariates
At the DBS collection, participants' body temperature was measured twice with an infrared ear thermometer. The average body temperature, sex, and use of any medication (yes/no) were used as covariates in analyses involving pro-inflammatory outcomes. For HbA1c, two participants taking drugs to control glucose levels were excluded. Additionally, one pregnant and one breast-feeding female were excluded from all analyses involving metabolic and pro-inflammatory outcomes.
Data analyses BMI trajectories. Variable-centered trajectories of BMI z-scores were estimated using growth curve analysis in SPSS 27 to provide fixed group trends and differences in the mean rate of change based on a variable consisting of pre-defined groups. In this procedure, repeated measures of BMI were regressed on the timing of assessments (i.e., age from baseline to age 16) to estimate variability at baseline (i.e., intercept variance) and rates of change for individuals (i.e., slope variance). First, unconditional models including a random intercept and fixed slope testing polynomial functions of age (i.e., age, age², and age³) were performed across the entire sample to identify the optimal growth function of BMI. The -2 log likelihood was compared across the polynomial models and the quadratic model showed the best fit (-2 log likelihood for quadratic: 2577.66 vs 2596.45 for linear and 2576.45 for cubic; the cubic term was not statistically significant). Second, we expanded on the best fitting unconditional model by including age by group (CAUG = reference, FCG, NIG) interactions to examine whether foster care moderated growth patterns among institutionalized children. To contrast FCG from typical development, NIG was coded as the reference. Full information Catch-up growth, metabolic, and cardiovascular risk in. . . A Tang et al. maximum likelihood estimation (FIML) was used to handle missing data and obtain unbiased estimates. Age was centered on the first time point so the intercept represents estimates of BMI z-score at baseline; to obtain estimates of BMI at age 16, age was centered on the last time point.
Person-centered BMI trajectories were derived with Latent Class Growth Analysis (LCGA) in Mplus, version 7. Unlike the previous variable-centered approach that assumes individuals in the same group are on the same trajectory, LCGA is an exploratory technique that identifies subgroups of individuals within a larger heterogeneous population based on individual response patterns over time. Following recommended steps, we conducted LCGA with a quadratic function and estimated two to five classes using FIML. Successive comparisons of model fit indices, including Bayesian Information Criterion, likelihood ratio tests, and entropy values, suggested the best model fit. All models and percentage of participants in each trajectory were inspected. Age was centered on the first time point.
To assess whether person-centered BMI trajectories differed in metabolic (HbA1c) and pro-inflammatory (CRP, IL-6, IL-8, TNF-α) biomarkers, while adjusting for covariates, we performed nonparametric approximate general independence permutation tests based on 10000 Monte-Carlo resamplings in the R package "coin". 28 Non-parametric permutation tests are optimal for hypothesis testing in smaller samples and do not rely on a theoretic distribution or normality of data. Pairwise permutation tests were performed when the initial one-way test was statistically significant. Complementary bootstrapping analyses that are more suitable for large sample sizes showed similar results (Supplemental Figure S1 ). Figure 2a displays the BMI trajectories by group. As seen in Table 1 , FCG and CAUG had comparable BMI at baseline. Whereas the FCG exhibited a relatively rapid pattern of increase in BMI that decelerated by adolescence, the CAUG showed a relatively gradual pattern. Compared to NIG, FCG showed lower BMI at baseline and no difference in rates of change. At age 16, BMI was comparable across the three groups and within the normal range.
RESULTS
Variable-centered trajectories
Person-centered trajectories Fit indices from LCGA suggested that a 4-class model provided the best fit (Supplemental Table S2 ). Four trajectories were identified (Fig. 2b) , including an average-stable BMI trajectory consisting of about half the sample (46.5%, n = 136), a low-stable trajectory (17.6%, n = 41), an elevated trajectory (20.3%, n = 56), and an accelerated trajectory (15.6%, n = 28). As seen in Table 2a , the average-stable and low-stable trajectories showed no change in BMI z-scores across age, though the low-stable trajectory began with a lower BMI z-score at baseline. Whereas the elevated trajectory began with a higher BMI z-score, the accelerated trajectory began with a lower BMI z-score; however, both trajectories showed significant increases in BMI z-scores that decelerated by adolescence and both were overweight at age 16 (i.e., BMI z-scores ≥ 1). 24 Half of the accelerated trajectory (50%) consisted of FCG; the majority of the elevated (66.1%) and average-stable (50.7%) trajectories were NIG (Table 2b ). Though table 2B shows column percentages for trajectory class membership by study group, row percentages are in Supplemental Table S3 . Trajectories were Analyzed BMI trajectory (n = 68) Excluded from analysis (n = 0) *Exclusion from blood spot analysis at age 16 is due to assay results below the limit of detection, insufficient quantity of sample or missing data proportionately distributed across sex. Individuals in the accelerated and low-stable trajectories were born at earlier gestation age compared to the average-stable trajectory. The low-stable trajectory was also born at lower birth weight compared to the other three trajectories. These results are consistent with the fact that the accelerated and low-stable trajectories were largely consisted of FCG and CAUG who were born at lower birth weight than NIG. 1 To examine timing effects of foster care placement on growth patterns, we performed a multinomial logistic regression model regressing the four BMI trajectories (with the average-stable normative trajectory as the reference) on age of foster care placement while accounting for birth weight and gestation age among the FCG. Mean age for foster care placement was 22.63 months (SD = 7.33; range = 6.81-33.01; n = 65). FCG placed in foster care later were less likely to be in the accelerated trajectory relative to the average-stable trajectory (OR = 0.87, 95% CI = 0.77, 0.98, p = 0.024). Timing of foster care placement were not related to odds of being in the low-stable (OR = 0.98, 95% CI = 0.80, 1.03, p = 0.14) or elevated (OR = 0.94, 95% CI = 0.83, 1.07, p = 0.37) trajectories relative to the average-stable trajectory.
Associations with metabolic and pro-inflammatory markers at age 16 adjusted for covariates BMI trajectories differed on levels of HbA1c (p = 0.04) and CRP (p = 0.001). The accelerated trajectory showed significantly greater levels of HbA1c and CRP than the average-stable and low-stable trajectories, and greater levels at trend level compared to the elevated trajectory ( Fig. 3 ). There were no differences in IL-6 (p = 0.75), IL-8 (p = 0.30), and TNF-α (p = 0.71).
DISCUSSION
This prospective longitudinal study examined growth patterns across baseline (M age = 20 months) to age 16 and their associations with metabolic and inflammatory biomarkers among post-institutionalized Romanian adolescents and typically developing controls. Findings revealed four distinct trajectories of BMI z-scores, including average-stable, low-stable, elevated, and accelerated trajectories. Consistent with our hypotheses, an accelerated trajectory, reflective of rapid catch-up growth, was over-represented by the FCG who experienced restricted early growth and subsequent catch-up growth. This accelerated trajectory showed elevated levels of HbA1c and CRP at age 16 compared to the average-stable and low-stable trajectories, as well as the elevated trajectory (at trend level). Moreover, earlier age of placement into foster care during infancy among the FCG was linked to higher risk for being on an accelerated rather than the normative average-stable BMI trajectory. These findings suggest that different patterns of growth-for the everinstitutionalized adolescents, resulting from random assignment and timing of placement in foster care or to remain in institutions-may play a role in the development of overweight or obesity and related health risks by late adolescence.
Why is the FCG linked to a rapid catch-up growth risk profile?
The FCG and CAUG were born at lower birth weight and earlier gestation age and experienced growth restriction while living in institutions. 1 These factors, while confounded in the current sample, all reflect impaired intrauterine and early postnatal growth. Impaired prenatal growth can alter the metabolicendocrine systems, leading to insulin-resistance and failure of ß-cell compensation, which mediate later risk for metabolic and cardiovascular diseases when paired with rapid postnatal weight Catch-up growth, metabolic, and cardiovascular risk in. . . gain. 29, 30 Specific biological alterations are still under investigation, but include reduced pancreatic vascularization, insulin content and secretion, increased adiposity, and epigenetic changes in metabolic pathways extending into the postnatal period. 31, 32 As evident in the variable-centered analysis, the FCG showed a relatively rapid catch-up growth pattern, whereas CAUG showed a relatively gradual catch-up growth pattern. We speculate that the FCG and CAUG might have metabolicendocrine changes in early life due to growth restriction and stress, but the FCG additionally shifted from a poor to enriched/ adequate nutrition environment, which might accompany further biological changes. However, not all the FCG exhibited this accelerated BMI risk profile. The higher prevalence of accelerated growth in the FCG removed from institutions earlier versus the higher prevalence of average-stable growth in FCG removed later suggest that some biological changes are less likely if the shift to rapid weight gain occur past a certain age. This finding converges with animal models that identified the preweaning period as a sensitive window for rapid weight gain. 13, 14, 33 Human studies also suggest rapid weight gain during the first two years of life or earlier (e.g., first 3 or 6 months) is strongly related to later obesity and metabolic changes across typical infants [15] [16] [17] and infants born small for gestational age. [17] [18] [19] Environmental insults or experiences during periods with high cell replication and differentiation can be damaging to the development and programming of certain tissue and organs. 34 Here, we extended the associations among cardiometabolic risks, postnatal growth restriction, and the timing of rapid infant weight gain to a special population. Our findings suggest that similar biological changes in the metabolicendocrine systems linked to shifting from early growth restriction to rapid weight gain in infancy may operate within our sample of post-institutionalized adolescents. However, we cannot rule out the relevance of later developmental periods.
The finding that the accelerated trajectory showed higher HbA1c and CRP than the average-stable and low-stable trajectories, but not the elevated trajectory, is consistent with reports showing greater risk of cardiovascular and metabolic disease among obese/overweight individuals across childhood and adulthood. 22 The lack of statistical difference between the accelerated and elevated trajectories could be due to inadequate power or could suggest that different developmental pathways characterized by either continuous increases in weight gain or stable overweight may lead to the same risks. The latter interpretation is consistent with a recent study that found BMI trajectories characterized by progressive increases in BMI or persisting overweight/obesity from ages 6 to 49 are at greater risk for cardiovascular disease, dyslipidemia, and hypertension, compared to a stable-average BMI trajectory. 35 At the biological level, adiposity is strongly related to higher levels of TNF-α and IL-6 in adipose tissue; in turn, pro-inflammatory cytokines, predominately IL-6, drive the increases in CRP. 20, 21 However, we did not observe differences in IL-6,-8, and TNF-α across BMI trajectories, as we had expected. BMI is a rough measure of body fat, as opposed to measures of visceral fat and fat mass, which would provide more robust associations with inflammatory processes. Previous studies examining immune biomarkers have shown associations particularly between elevated CRP levels and cardiovascular risk markers, including higher BMI and blood pressure in children and adolescents, [36] [37] [38] and in adults with cardiovascular disease and diabetes. 21 Also, prediabetes is often observed before developing type 2 diabetes and contributes to risk for cardiovascular disease. Given that overweight/obesity in adolescence likely continues into adulthood, individuals in accelerated and elevated BMI trajectories are projected to experience chronic metabolic and cardiovascular problems, such as type 2 diabetes, hypertension, and atherosclerosis, in later adulthood, compared to individuals in low-stable or average-stable BMI trajectories.
The implications of this study is that children should still be removed from institutions as early as possible. Catch-up in height enhances cognitive functioning (i.e., IQ) in our FCG sample 1 and in children with restricted prenatal growth. 39 Also, earlier foster care placement predicts positive outcomes across developmental domains, including secure attachment, less behavioral problems, and better cognitive and brain functioning. 40 Also, poor growth has risks, such as susceptibility to common infectious diseases. The practical application of this research is that physicians and nutritionist should work with adoptive parents to devise plans for healthy catch-up growth that maximizes benefits and diminishes health risks. For example, informing adoptive parents about the possible consequences of shifting from perinatal restricted growth and rapid weight gain in infancy, planning a balanced diet with adequate nutrition and limiting obesogenic foods, planning regular physical activities, and starting these preventive measures as early as possible with their children.
Our results are interpreted with respect to several strengths and limitations. Our longitudinal analyses included a reasonably powered sample size and showed predictive validity for groups and outcomes. We also ensured reliability of our results from the trajectory analyses by performing the same models for individuals with at least two data points of BMI (i.e., those with repeated assessments); The results were the same as results obtained with individuals with at least one data point of BMI. However, the shape and number of trajectories are driven by the characteristics of our sample (e.g., institutionalization and foster care during infancy) and may not reflect other populations of children institutionalized or placed in homes at other stages of development. To maximize participation, we selected a less invasive finger-prick blood method, as opposed to venous blood draw. Although finger-prick blood has been validated as proxies of serum level and the lab that conducted our assays obtained patterns of variability that are comparable to serum assays, we note that there may be variability in finger-prick blood. Because the metabolic and inflammatory measures were collected from a smaller subsample, we used permutations tests to ensure that group differences did not appear by chance. This smaller sample may have limited power to detect differences between BMI trajectories (i.e., accelerated vs elevated trajectories). Similarly, the subgroup analyses involving timing of foster care placement within the FCG involves a relatively small sample, as such, our findings warrant caution in interpretation and replication. Also, we randomized the caregiving environment and not nutrition, though nutrition and care of FCG are presumed to be enhanced relative to CAUG. For example, infants in institutions were fed with less social interactions and with food lacking in variety. Future studies would benefit from larger samples, measures of tissue mass and important determinants of growth and health risks that we lacked, including the child's genetic risk, maternal pregnancy history, birth status, caregiver influences (e.g., feeding behavior), and physical activity. To understand the relations among growth patterns, cardiometabolic, and neurocognitive outcomes in post-institutionalized children, future studies should examine the effects of catch-up growth in height or weight and cardiometabolic markers on brain functioning, performance on neuropsychological tests, and academic achievements.
In conclusion, early growth restriction followed by rapid catchup growth is not directly related to an unfavorable cardiovascular and metabolic profile at age 16 among post-institutionalize adolescents. However, infants removed from institutions earlier were more likely to exhibit an accelerated growth profile linked to cardiometabolic risks.
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